Transition metal chalcogenides of a zinc-blende structure are theoretically predicted to be half metallic and, therefore, they are interesting for spintronic applications. However, the ground state of these compounds is hexagonal, of NiAs type, whereas the cubic phase is a metastable one. Here, we investigate the CrTe bondings of both phases of CrTe from point of view of symmetry. The hybridization in octahedral and tetrahedral lattice is studied for both structures. The ber bundle presentation of the hybridization problem is also addressed.
Introduction
Transition metal chalcogenides show metallic or semiconducting properties, depending on the anions and the ratio between the metal and chalcogen atoms. Moreover, these compounds exhibit various types of magnetic properties for dierent structures and compositions: ferromagnetic, antiferromagnetic or non-collinear spin arrangement. The CrTe system is particularly interesting, while among other Cr chalcogenides only CrTe shows ferromagnetic properties at room temperature (e.g. CrSe, CrS are antiferromagnets) [1] . It forms several crystal phases Cr 1−x Te of a hexagonal NiAs type crystal structure. Much attention has been devoted to half-metallicity of CrTe. However, this property is discovered in CrTe zinc-blende (ZB) only, which is not a stable phase of CrTe. In paper [2] , the stability of transition-metal pnictides (MnAs, CrAs, CrSb) has been studied by rst principles methods. From the calculations, it follows that the energy of ZB phases of pnictides exceeds the energy of the ground state NiAs phases by about 1 eV/f.u. In the case of chalcogenides, this dierence of energy is about two or three times smaller [1 3] , which makes this compounds preferable for the experimental fabrication of proper (room Curie temperature, adequate thickness of epitaxial layers, stability against distortions, etc.) half-metallic ferromagnets for spintronic applications. Some attempts to stabilize the ZB phase of chalcogenides have been proposed using the following methods: (1) choosing a substrate with a coherent lattice constant for epitaxial growth of the layers [4] ; (2) pressure inducing of crystal and magnetic structure of material [5, 6] ; doping with magnetic or nonmagnetic ions [7] . However, the stabilization of the ZB phase of chalcogenides is still an open task. We investigate the properties of the chemical bonds in both structures of the NiAs type phases and the zinc-blende one. The results * e-mail: kuzma@ur.edu.pl make it possible to design a new method for growth of the ferromagnetic ZB phase of CrTe. Therefore, the aim of this paper is a group-theoretical analysis of the hybrids forming two types of clusters: tetrahedral and octahedral ones, which form the simplest clusters of the cubic and hexagonal phases of CrTe, respectively. Moreover, based on the RacahWigner approach and the formalism of the action of a symmetry group on a set [8, 9] , we treat the hybrids as a ber bundle.
2. Crystal structure of cubic and hexagonal CrTe Cr 1−x Te systems crystallize in monoclinic hexagonal NiAs structure [10, 11] , with Cr atoms at the sites (0,0,0) and (0,0,1/2), and Te atoms at the sites (1/3,2/3,1/4) and (2/3,1/3,3/4) (Fig. 1a) . The elementary cell is presented in Fig. 1a . Cr atoms, as well as Te atoms, form hexagonal layers separately, and they are arranged perpendicularly to the z axes, at the distance c/2 (c = 6.222 Å). Each Cr atom is surrounded by six Cr atoms in the xy plane, at the distance a = 3.997 Å. Along the z axes, the distance CrCr is shorter, equal to c/2. The deviation of stoichiometry in the CrTe system, shown by the index x in Cr 1−x Te, results in various phases with the same symmetry, but a great number of (185) the Cr vacancies. Non-stoichiometric phases may crystallize in the trigonal space group P 3m. As an example, the arrangement of Cr atoms and its vacancies in the Cr 2 Te 3 (x = 0.33) crystal lattice is shown in Fig. 1b . The experimentally determined through the X-ray diraction (XRD) measurements crystal data of more popular phases of CrTe have been collected in Table I . The main physical properties of particular phases are indicated in this table as well.   TABLE I XRD and magnetic data of the Cr1−xTe phases. Crystal parameters are taken from crystal data cards: a ASTM 00-050-1153, b ASTM 01-086-2500, c ASTM 01-086-2506, d ASTM 65-2312 B, e ASTM 71-2245, f ASTM 00-050-1153, g ASTM 65-6816. Magnetic data are taken from papers of Dijkstra et al. [10, 11] The zinc blende structure of a cubic lattice of CrTe consists of tetrahedral clusters in which each Cr atom is surrounded by four Te atoms, and vice versa (Fig. 2) . These two kinds of atoms are connected together by hybrid bonds of a σ and π type. In Fig. 2 , the σ hybrids are depicted as atom bonds σ 1 , σ 2 , σ 3 , σ 4 .
The symmetry of the crystal structure presented in Fig. 2 is T d (Table II) . The same symmetry is revealed in the system of hybrids σ i , i = 1, . . . , 4. These hybrids form a Γ σ representation of the group, which is equivalent to the positional representation P of Te atoms marked by the numbers i = 1, . . . 4. Aiming to determine the symmetry of the π hybrids, the local reference system in each position of the Te atom is established, so that the z axis in each node n is directed towards the Cr atom. The characters of the Γ σ , Γ π representations have been collected in Table II. The decomposition of the reducible representations Γ σ , Γ π into an irreducible one is as follows:
(1) In the T d group, the atomic orbitals s, p, d transform according to these representations, as in Table III : Fig. 2 . Tetrahedral structure of the hybrids in zincblende CrTe.
Taking into account the electron conguration of Cr and Te atoms (Table IV) , the hybrids of the σ type in cubic CrTe are sp 3 T The hexagonal structure of CrTe is presented in Fig. 3 . Each Te atom is surrounded by six Cr atoms forming a cluster with a D 3h symmetry (Fig. 4a) .
Aiming to form hybrids of a σ and π type between Te and Cr atoms, in each node of the Cr atom in Fig. 4a , a local frame system is established, with the z axis directed towards the central atom. The σ and π hybrids form reducible representations of the D 3h group. They have been collected in Table Va . 
Decomposition of the hybrid representations into irreducible representations of the D 3h group is
(2) The nearest surrounding of the Cr atoms (Fig. 4b) is different with respect to the neighborhood of Te. The symmetry of the CrTe 6 cluster is D 3d . In this group, the Γ σ and Γ π hybrid representations have been collected in Table Vb . Their decomposition is
(3) Choosing a new reference system XY Z in Fig. 4b , with Z axis passing through Cr atoms, e.g. No. 2 and No. 5, the cluster CrTe 6 forms octahedron and its symmetry is much reacher (O h see Fig. 5 ). In this case, for a proper description of the hybrids, it is convenient to provide in each node of Te atoms a local reference system, with the Z axis directed towards the central atoms, as it was done in the previous examples. In such a symmetry group, it is not possible to divide the Γ π representation into two representations Γ πx and Γ πy , while the x and y vectors do not form two separate orbits of the O h group. Hybrid representations are collected in Table VI. Decomposition of the Γ σ and Γ π representations is as follows: 
Fiber structure of hybrids
The positions of atoms in the R cluster are nodes 1,2,3,...,N .
(5) The nodes form a positional space P [8] :
so that P is the space of all the linear combinations of the nodes over the C eld of complex numbers.
In each node, there is an atom having atomic orbitals (AO). These form a single-centre AO space. The congurational space L of the system is a tensor product
The conguration space L can be illustrated by a ber bundle. Let the nodes r ∈ R be described by a function of the unitary space W r . The isomorphism ϕ r : W −→ W r maps a certain model space W onto W r . Let E be a sum
The structure (E, R, W, p) is ber bundle, with R being the base space, and W being the standard ber. The ber bundle scheme of p hybrids in a molecule consisting of 9 atoms is presented in Fig. 6 . The action of the symmetry group G of a cluster in the congurational space L forms the mechanical representation M , which is the product of
where R is a transitive representation of the group G, determined by the stability group H ⊂ G of node 1,
) V is the vector representation in an atomic orbital (AO) space. Both representations, i.e. R and V , are reducible and may be decomposed into irreducible representations of the symmetry group G: 
The set of atom orbitals of ligands, i.e. six Te atoms in an octahedron (having 6 × 4 sp orbitals = 24), as well as the set of orbitals of four Te atoms in a tetrahedron (4 × 4 sp orbitals = 16), should have the same symmetry properties.
The symmetry orbitals (symmetry basis of the representations) of the type A, E, T 1 , T 2 for both clusters have been calculated by the projection method, and are collected in Table VII . They correspond to the hybrids studied. The bases for the T 1u representation forming hybrids π have been omitted, while the p x , p y orbitals of ligands interact with the p orbitals of the central ion very weakly.
Conclusions
We have provided a comparison of the symmetry properties of CrTe hybrid bonds in two dierent structures of CrTe: a hexagonal one, of a NiAs type, and a cubic one, of a zinc-blende type. It has been noticed that in a hexagonal structure, the bonds form an octahedron CrTe 6 . In a cubic structure, the analogue cluster is a tetrahedron CrTe 4 . The coincidence as regards the symmetry of the hybrids for both structures has been shown. Moreover, a similarity between the bases of the hybrids for both structures is an unexpected result. From these studies, we conclude that the symmetry of the zinc-blende phases of CrTe is not the main reason for the diculty in growing zinc-blende CrTe.
